Gene duplication is key to molecular evolution in all three domains of life and may be the first step in the emergence of new gene function. It is a well recognized feature in large DNA viruses, but has not been studied extensively in the largest known virus to date, the recently discovered Acanthamoeba Polyphaga Mimivirus. Here we present a systematic analysis of gene and genome duplication events in the Mimivirus genome.
Introduction
It has long been realized that new gene material frequently emerges through gene and genome duplication (26, 27 ). The precise mechanisms of these events are diverse, each leaving its own particular signature in the genome (for a recent review see 36) .
Once a gene has been duplicated it may be subject to basically three different types of fate: nonfunctionalization, where one of the two copies of a duplicate pair degenerates into a pseudogene and may subsequently be lost from the genome (18, 19) , subfunctionalization, which consists in the division of the original functions of the ancestral gene between the two duplicates (9) , and neofunctionalization where one copy in a duplicate pair acquires a new function (37) . Eventually, divergent evolution may lead to a point where homologies between two genes of common ancestry become difficult or impossible to detect (11) . The unexpectedly small structural variation between different protein families that has been unveiled by the recent large structural genomics efforts (31) corroborates this observation, suggesting that the prevalence of gene duplication in all three domains of life (36) is even larger than previously thought.
The recent discovery (16) and subsequent genome sequencing (29) of the largest known virus to date, Acanthamoeba Polyphaga Mimivirus, has raised a number of fundamental questions about what was thought so far as being established boundaries between viruses and cellular life forms (5, 7, 14) . In particular, the size of the Mimivirus virion is comparable to that of a mycobacterium. Its genome, containing close to 1.2 million nucleotides and coding for 911 predicted proteins, holds more than twice as much genetic information than what suffices to small bacteria for life.
Moreover, the Mimivirus genome hosts a wide spectrum of genes that have never been found in such combination in a virus, in particular a large set of genes related to protein transcription and translation. On the other hand, what is rather common for a viral genome is the fact that a large fraction of the Mimivirus genes displays only weak or no homology to any other known genes in the databases. For only one third (298 / 911) of the Mimivirus genes Raoult et al. (29) were able to assign putative functions, while this ratio is much higher for the genomes of all fully sequenced "living" organisms.
Here we set out to investigate the question as to how many of these genes of unknown origin may have been generated through duplication processes within the Mimivirus genome itself, and how these duplications may then have shaped the Mimivirus genome. The aim of this work is to identify and characterize events of gene and genome duplication in the Mimivirus genome in order to shed new light on the origin of Mimivirus' exceptionally large size and on the importance of gene duplication in large DNA viruses in general. In the following we report evidence for an ancient event of duplication of a large part of the Mimivirus chromosome, as well as for numerous tandem gene duplication events, and we will show that some of these duplication events may play a role in virus-host adaptation.
Results

One third of the Mimivirus genes has at least one paralogue in the genome.
We compared all 911 predicted Mimivirus genes against each other using the sequence alignment software BLAST (1) to identify genes that have significant matches in the genome. Search for paralogous genes was iterated until convergence using position specific weight matrices constructed from the set a homologous genes found in each previous step as implemented in the Psi-BLAST version of BLAST. 347 paralogous genes in 77 families were detected with this method when applying a conservative detection cutoff e-value in the (Psi-)BLAST search of 10 -10 . When using a more permissive (10 -5 ) or a more stringent (10 -25 ) e-value, 398 and 244 paralogous genes in 86 and 58 families, respectively, were detected. Thus, between 26.3% and 35.0% of the Mimivirus genes have at least one homologue in the virus' genome, depending on the choice of the e-value cut-off. To test for a possible dependence on gene annotation, the Mimivirus genome was split into non-overlapping segments of 1000 nucleotides in length. These segments were compared to segments of the same size, but overlapping by 50% with each other, using BLAST at the nucleotide level (BLASTN) and at the amino acid level after translation in all 6 reading frames (TBLASTX). The results were comparable to those found using BLAST at the gene level (BLASTP) in what concerns our conclusions with respect to the overall genome and gene duplications, except that these methods were less sensitive and yielded less hits at lower sequence identity levels, especially in the BLASTN case. As these computations did not reveal any unexpected new insight, but confirmed the robustness of the approach with respect to the applied detection algorithm (BLASTP), BLASTN
and TBLASTX results will not be further presented in this paper.
The orientation and location of gene duplication events is not random.
The Mimivirus genome is coded on a linear chromosome, that may adopt a circular topology through non-covalent interactions between two 900 nt long repeated sequences near the chromosome ends, as observed in some other large DNA viruses (29 to L185 (dubbed Lcluster in the following; see Table 1 for gene location and orientation of the largest families of paralogues). The overall trend is that cis and also between 5'-120,000 to 5'-200,000 and 5'-0 to 5'-80,000. Overlapping with these is a synteny between the 5'-20,000 to 5'-110,000 and 3'-0 to 3'-100,000. The exact history of this (or these) segmental genome duplication events is difficult to reconstruct, as it is overlain by numerous local cis-duplication events and as no information is available on potential gene deletions in this context. One parsimonious explanation could be a segmental duplication of an about 200,000 nt long telomeric chromosome fraction, followed by a rearrangement (immediately or later) around its center. Interestingly three tRNA-Leu genes are found duplicated in concert with this (these) event(s). They are highly conserved (displaying only 4 point mutations), while the adjacent genome regions accumulated such a large number of mutations that homology at the nucleotide level becomes difficult to be identified. Figure 3 shows the frequency distribution of all gene duplication events. A pronounced maximum for trans duplications is observed at a sequence identity level of 25% that characterizes the segmental gene duplication as a more ancient event. Cis duplications also peak at this value and are likely to correspond to older tandem duplications events. A second pronounced maximum at the 50% sequence identity level for cis duplications suggests a more recent origin for the corresponding tandem duplications (i.e. the Lcluster).
Duplicated genes can be used to detect remote homologies and to improve on the functional gene annotation
In every genome sequencing project the question of how to annotate putative genes has to be addressed. It is standard procedure to compare all predicted genes to existing annotated databases (e.g. SWISS-PROT (4) Depending on the quality of the resulting hits, manual quality checks and further refinement is done, usually based on multiple alignments and possibly phylogentic tree reconstructions, in order to verify the predicted orthologies to a gene or gene family of known function. The result of this procedure is what is commonly known as the "genbank annotation" of a genome. In the case of Mimivirus (and this is true for all virus genome sequencing projects), no function could be attributed convincingly to a large number of genes using this procedure. These genes are thus annotated as "hypothetical", supplemented in some cases by a description of a generic feature of that gene, such as specific type of repeat (ankyrin, triple helix collagen repeat, leucine rich repeat).
However, in the case where multiple copies of a gene are found in the genome, the idea of using profile or Hidden Markov Model (HMM) search methods can be taken a step further. Different such methods have recently been developed (30, 32, 35 protease (R319). Thus, the genes in cluster N165 can be predicted to play a role in protein degradation using the ubiquitin pathway.
For cluster N226 little can be said at present. Cluster N232 on the other hand contains genes that are predicted as protein kinases and may thus play a role in different cell regulatory processes.
Other notable families, not discussed in more detail here, are family N137, which contains proteins with glycosyl-transferase domains, family N105 with remote homologies to potassium channel tetramerization domains, and families N73 and N430, which are similar to yeast and poxvirus transcription factors, respectively.
Other interesting families that invite further investigation are N425 that contains the major capsid protein and the family pair N79 (transposase) / N80 (site-specific integrase-resolvase), which contains three adjacent pairs of transposase/resolvase genes (L79/R80, R104/L103, L770/R771).
Discussion
The here described ancient segmental duplications and massive ongoing individual The large fraction of viral genes that exhibit no or only remote homology to genes in any other organism, including different viruses (12) , is commonly attributed to an assumed faster evolution of viral genes when compared to their bacterial and eukaryotic counterparts. If this assumption is correct, the genes of the two families N172 and N226 may have evolved from an ancient ancestor to a point where no similarity at the sequence level can be detected to their orthologues in other genomes.
Determining the 3-dimensional structure of members of these (and other) families may therefore answer the question as to the origin of these -at present Mimivirusspecific -genes. Comparing the structures of different paralogues may then contribute more generally to our understanding of the evolution of viral genes, as they have evolved in a unique environment in a singe genome context, i.e. in a situation where differences in G+C content or constrains related metabolic differences due to the availability of different amino acids are not to be considered.
We believe that gene and genome duplications in large DNA viruses can be analyzed much as it is presently done for members of the other three domains of life. For example, reconstructing duplication history has received extensive attention recently.
Zhang et al. (38) present a method for inferring the duplication history of tandem repeated sequences that may be readily applied to Mimivirus tandem gene duplications. Davis and Petrov (6) demonstrated that genes that have generated duplicates in the C. elegans and S. cerevisiae genomes were 25%-50% more constrained prior to duplication than the genes that failed to leave duplicates. They further showed that conserved genes have been consistently prolific in generating duplicates for hundreds of millions of years in these two species, that is that the set of duplicate genes is biased. This observation may allow to narrow down the range of putative roles of the duplicated Mimivirus genes for which their function is still completely unknown.
Our analysis shows that a large fraction of the Mimivirus genes originates from repeated tandem gene duplications and from segmental genome duplication events, the order of magnitude of the duplications being comparable to what is commonly observed in bacteria, archeae and eukaryotes. This is compatible with the view that the large DNA viruses establish a deeply rooted branch on the tree of life rather than representing just a collection of genes, gathered during their passage in diverse cellular host organisms (see also discussion in 21, 25).
Materials and Methods
Detection of paralogous genes was performed using programs from the BLAST package (1) . For the detection of paralogous families, each of the 911 Mimivirus genes was used to initiate a BLASTP search, followed by one or several PSI-Blast iterations until convergence. For the identification of homologous genes, all
Mimivirus genes were compared to each other using BLASTP, where only the highest scoring match above a defined e-value cutoff was retained (best unidirectional match criteria SMART (17), PFAM (3), and SCOP (22) . Multiple alignments of the paralogous genes were computed using the latest version of the T-Coffee package with advanced alignment options (23, 24, 28) . Secondary structure predictions from PSIPRED (13) were included in the HMM-HMM comparison as described in (32) . L71 R196 R238 R240 R241 L668 L669
